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CHAPTER 8

Iodine and Iodine Cdmpounds

Waldemar Gottardi

lodine, a nonmetallic, essential element discovered in
1812 by the French scientist Courtois, was named by
Gay-Lussac in 1814 after the Greek word meaning violet,
which is the color of iodine vapor. It is not found in ele-
mental form in nature but occurs sparingly in the form of
iodides in seawater, from which it is assimilated by sea-
weeds; in Chilean saltpeter and nitrate-bearing earth,
known as caliche; in brines from old sea deposits; and in
brackish water from oil and salt wells. Besides the one
stable isotope, 1271, there are more than 30 artificial iso-
topes with half-lives between 0.2 second and 1.57 x 107
years. Some of them form a dangerous part of the uncon-
trolled emissions during nuclear accidents, whereas oth-
ers are used in nuclear medicine [mainly 3'I (8.04 days)
and ' (13.2 hours)].

So far as is known, the first use of iodine in medical
practice was as a remedy for bronchocele (Halliday,
1821). Soon afterward, Lugol (1829) treated scrofulo-
derma (tuberculous lesions of the skin) with an
iodine/iodide solution bearing his name that is still in use
today (as Strong lodine Solution, USP XXIII). The first
specific reference to the use of iodine in wounds was
made in 1839 (Davies, 1839; Boinet, 1865). lodine was
officially recognized by the Pharmacopoeia of the United
States in 1830, specifically as tinctura iodini (tincture of
iodine). The first fundamental papers with a scientific
basis about the degerming efficacy of iodine were pub-
lished from 1874 to 1881 by Davaine (Vallin, 1882). In
1874, he found iodine to be one of the most efficacious
antiseptics, a notion that is still valid 125 years later. On
the basis of Davaine’s experience, Koch experimented
with the disinfecting effect of iodine against anthrax
spores. His results are contained in a comprehensive
paper entitled Desinfektion (Koch, 1881). In the mean-
time, the literature about the use of iodine as a disinfec-

_W.Gottardi: Institute for Hygiene and Social Medicine, Univer-
sity of Innsbruck, A-6010, Innsbruck, Austria.

159

tant has expanded markedly. Clinicians and microbiolo-
gists described a great number of experimental data and
clinical applications, which can be found in numerous
surveys (Reddish, 1957; Sykes, 1972; Bolek et al., 1972;
Horn et al., 1972, 1974; Knolle, 1975; Gershenfeld,
1977).

Despite the successes that have been achieved with
iodine, it was ascertained early that it also possesses
properties unsuitable for practical application. Goebel
(1906) referred to iodine’s unpleasant odor; in addition, it
stains the skin an intense yellowish-brown, causes blue
stains in the laundry in the presence of starch, and com-
bines with iron and other metals. Furthermore, its solu-
tions are not stable (under certain circumstances), it irri-
tates animal tissue, and it is a poison. The adverse side
effects of iodine, its painfulness on open wounds, and the
possibility of allergic reactions have in the past 100 years
led to the development of a great many iodine-based
preparations designed to avoid these incompatibilities
without a significant loss of germicidal efficiency. The
iodophors were the first such compounds largely to
achieve this goal.

CHEMISTRY

Iodine, the halogen with the highest atomic weight
(126.9) of the common halogens, forms grayish-black
metallic scales that melt at 113.5°C to a black, mobile lig-
uid. lodine boils at 184.4°C at atmospheric pressure to
produce the characteristic violet-colored vapor. In spite
of the high boiling point, it already has an appreciable
vapor pressure at room temperature and sublimes before
it melts if it is not heated too fast and with too high a
degree of heat.

Elemental iodine is only slightly soluble in water, form-
ing a brown solution. Its solubility in water is increased
with the addition of alkali iodides by which triiodide and
higher polyiodides are formed [see equations (3), (5), and
(6)]. In polar organic solvents (alcohols, ketones, carbonic
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acids), iodine forms a brown solution; in apolar solvents
(CCls, benzene, hydrocarbons), it dissolves to a violet
color. Whereas in the violet solutions, iodine is present as
I; molecules (as in the gas phase), the brown color is
explained by the formation of a compound between iodine
and the solvent molecule (charge transfer complexes).

Properties of Disinfecting Iodine Solutions

Jodine-based disinfectants can be divided into three
main groups according to the solvent and substances
interfering (by complexing) with the iodine species: (a)
pure aqueous solutions; (b) alcoholic solutions; and (c)
1odophoric preparations, which exhibit intrinsic differ-
ences in their chemical and microbicidal properties. In
addition, there are combined systems containing two or
all three components.

A reliable understanding of the processes occurring at
disinfection, which comprises not only killing of
microorganisms but interactions with the material to be
disinfected (e.g., innate surfaces, living tissue, body flu-
ids) is essentially based on knowledge of the species
occurring in the particular solvent, their equilibrium con-
centrations, and their individual reactivities. However,
these features are only partially clear and, in addition, are
of importance only for conditions in which interaction
with reducing substances can be neglected.

Aqueous Solution

For the system iodine—water, nine different equilibria
[equations (1) through (9)] are specified (Clough and
Starke, 1985) that produce at least ten iodine species: I-,
Iy, Is7, Is7, 12, HOI, OI-, H1,0~, 1,0, H,0I*, and 105~

I + H;O & HOI + I + H* (hydrolysis, K)) (1)
HOI & OI" + H* (dissociation of HOIL, K;)  (2)
I; + I & I3~ (triiodide formation, K3) 3)
HOI + H* & H,OI"* (protonization of HOI, K4) (4)

I;7 + Iz ¢ Is~ (pentaiodide formation, Ks) &)

213~ > I¢* (dimerization of I5~, Ke) (6)
OI" + I" + H,0O & HI,O~ + OH~
(iodination of OI-, K7) Q)]

HLO" & IO~ + H* (dissociation of HL,O™, Ks) (8)
3HOI & 105~ + 2I + 3H* (disproportionation) (9)

As can be seen, this is a system of appreciable complex-
ity, with several associated equilibria governed mainly by
H* and I” ions, which implies that pH and additional
iodide influence equilibrium concentrations. Another
important feature is the reaction rate: whereas the reac-
tions in equations (1) through (8) are thought to run
almost instantaneously, disproportionation to iodate

[equation (9)] proceeds comparatively slowly, with a rate
highly influenced by pH and additional iodide, as can
easily be deduced from the rate law (Gottardi, 1981):

d[10;-)/dt = 4 x 10-38[L)¥/[I"P[H*]*" (10)

The brackets in equation (10) refer to the equilibrium con-
centration of the bracketed species. Because the reactions
in equations (1) through (9) are well studied, with important
contributions published since the early 1980s that focus on
the fate of radioiodine species that emerge in the course of
nuclear accidents (Clough and Starke, 1985), a calculation
represents the easiest way to approach equilibrium concen-
trations, whereas experimentally it would require immense
labor, quite apart from the fact that for some species no ana-
lytical methods are available (Gottardi, 1998).

Several investigations into the equilibrium concentra-
tions of aqueous iodine solutions have been done; they
differ mainly with regard to the equilibria considered and
the regulating parameters, pH and additional iodide. One
study investigated all the immediately established equi-
libria [equations (1) through (8)] and both regulating
parameters (Gottardi, 1999). It dealt with fresh iodine
solutions not altered by disproportionation (iodate forma-
tion) and provided results about the equilibrium concen-
trations of the species I, I, I3, Is™, 1¢*-, HOIL, OI-, HL,O",
10,7, and H2OI*. Its results for selected variations of total
iodine and iodide, Lugol’s solution and its dilutions, and
the rates of iodate formation (Figs. 8.1 to 8.4) are the
basis for most of the following conclusions:

Additional iodide and pH have a very great influence
(several orders of magnitude) on the individual equi-
librium concentrations, and consequently conditions
can be indicated in which the number of species of
importance is drastically reduced. In the most common
case, iodine in presence of additional iodide at pH 6 or
less, only I-, I, and I3~ play a role (Fig. 8.2).

In such a system, the analysis is fairly simple because HOI
and all species derived from it (OI-, H,O-, L,O¥,
H,0I") and the higher polyiodides can be neglected
without any noticeable loss of precision. In other words,
in this case only the triiodide equilibrium [equation (3)]
is relevant, and it is not influenced by pH. This has two
consequences: (a) the distribution of the three species is
the same at pH 6 or less; and (b) a sufficiently precise
evaluation can be based solely on the determination of
[I2] {e.g., potentiometrically (Gottardi, 1983) or by dial-
ysis (Horn and Ditter, 1984)] and {I"] (iodide elec-
trode), whereas triiodide is calculated from both. How-
ever, there also are methods that measure these species
in a single operation (Gottardi, 1996, 1998).

Exceptions for the above-quoted restriction to I, I, and I3~
in presence of additional iodide are systems with very

*[ ] means equilibrium concentration of the bracketed species.
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FIG. 8.1. Calculated equilibrium concentrations in aqueous icdine solutions without additional iodide.

A: c(i2) = 10~ mol/L. B: c(iz) = 10~ mol/L.
~ (continued on next page)
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FIG. 8.2. Calculated equilibrium concentrations in aqueous 102 mol/L iodine solutions in presence of
additional iodide. A: No additional iodide. B: c(I") = 10~ mol/L.
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FIG. 8.3. Continued. C: 1 : 10,000.

high iodide and iodine concentrations in which the equi-
libria in equations (5) and (6) also are important, but
which are independent of pH as is the case with the equi-
librium in equation 3. For example, in high-level Lugol’s
solution, the species Is~ and I¢2~ make up 8.2% of the oxi-
dation capacity and should not be neglected (Fig. 8.3A).

On the other hand, in the absence of additional iodide, at
pH 8 to 9 and at high dilution [c¢(I2) < 10-5 mol/L], HOI
accounts for over 90% of the oxidation capacity (Fig.
8.1C,D). Absence of iodide also is obligatory for the
presence of the iodine cation H,OI" (Bell and Gelles,
1951), but in an extremely acid milieu that is without
any relevance for practice (see later).

The problem of stability (i.e., rate of iodate formation)
arising at pH above 7 can be reduced to the equilibrium
concentration of hypoiodous acid, which manifests in
the simple rate law:

d[105~)/dt = 0.25[HOIP/H*]

which allows an estimation of stability at weak alkaline
conditions (Gottardi, 1999). Figure 8.4 shows the ini-
tial rates of iodate formation (as a measure of stability)
for iodine solutions (107 to 10~ mol/L) without addi-
tional iodide, and for a 0.001 mol/L iodine solution in
the presence of additional iodide (107* to 10~ mol/L;
see also Stability of Iodine-based Disinfectants, later).

The poor solubility of elemental iodine in water
(338.3 ppm, 25°C, pH 5) can be increased by addition
of iodide. This feature was first used by Lugol (1829),

to whom we owe the well known disinfecting sotution
bearing his name. Lugol’s solution is a high-concentra-
tion iodine formulation with 5% iodine (0.197 mol/L)
and 10% KI (0.6024 mol/L) and the following equilib-
rium concentrations: 6.129¢™* mol/L (155.6 ppm) free
molecular iodine, 0.1803 mol/L (68,640 ppm) triio-
dide, 9.95 X 10~* mol/L (631 ppm) pentaiodide, 7.03 x
10~ mol/L (5,350 ppm) hexaiodide, and 0.406 mol/L
(51,650 ppm) iodide. Lugol’s solution, with a threefold
molar excess of iodide, is completely soluble at any
dilution. This applies to all iodine/iodide ratios at least
down to a twofold excess of iodide. Less iodide results
in a gap of solubility of free molecular iodine.

Alcoholic Solution

Iodine equilibrates with alcohols by undergoing
“outer” and “inner” complexes that finally result in the
formation of triiodide, a reaction accomplished after
approximately 24 hours (Bhattacharjee et al., 1983):

ROH +1, «» ROH I

outer complex”

o ROHI'T , poyp1-

“inner

L+l Iy
;- + ROH & ROH - I3

Therefore, as in the aqueous system, we have several
oxidizing iodine species: I, ROH'L;, ROHI*, I3~ and
ROH I;~. Calculations concerning their distribution, how-
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FIG. 8.4. Initial rates of iodate formation expressed as percentage loss of initial oxidation capacity.
A: c(lz) = 1073, 104, 105, 108 molL; no additional iodide. B: c(lz) = 10~ molA,; c(I"} = 0, 104, 107,
102, 1¢-' moV/L.. From these curves, it can be determined that, for example, in a 10~ mol/L iodine solu-
tion at pH 8, the initial rate of loss of oxidation capacity is approximately 10% of the initial concentra-

tion per minute.

ever, even if possible, are of no use in a bactericidal con-
text in a solvent that is itself a strong disinfectant.

Solutions of Iodophors

Todophors are polymeric organic molecules (alcohols,
amides, sugars) capable of complexing iodine species,

resulting in reduced equilibrium concentrations of the
species compared with those of pure aqueous solutions
with the same total iodine and total iodide concentrations.
Because iodophoric preparations always contain appre-
ciable iodide, the relevant species that must be considered
are restricted to I, I, and 157, for which the following
(simplified) complexing reactions can be written:
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L+ReR-LUUK, 1
L ™+ReR-IL..Kg (12)
F+ReRTLK (13)

where R = structural regions of the iodophor molecule
capable of forming complexes by steric or electronic
effects.

To the extent that the chemistry of aqueous disinfectant
solutions containing iodophors is understood, both elec-
tronic and steric effects are thought to be responsible for
these interactions (Gottardi, 1985). Thus, taking as an
analogy known interactions with oxygen compounds of
low molecular weight, such as amides, esters, ketones,
and ether (Yamada and Kozima, 1960; Schmulbach and
Drago, 1960), it can be assumed that between molecular
iodine and iodophor molecules, which without exception
contain such functional oxygen-containing groups (e.g.,
povidone contains a carbony! oxygen of the amide func-
tion in the pyrrolidinone ring), donor—acceptor com-
plexes are formed [see also equation (11)], with iodine
playing the part of the acceptor:

- 8+ &
/C=O+Iz—)\C==O...I— 1
-~

Furthermore, the iodophors, especially in high concentra-
tions, because of the spatial arrangement of the dissolved
polymer molecules with near regions of helix-like struc-
ture (Horn and Ditter, 1984), clearly are able to surround
the iodine species in the manner of clathrates and with-
draw it from equilibrium [equations (11) through (13)].
This interaction must be important for the iodide ion and
particularly for the large-mass triiodide ion, which cannot
form a donor—acceptor complex because of their negative
charge.

However, because no quantitative data (mass law con-
stants) are available, an exact calculation for iodophoric
preparations is not feasible. Nevertheless, qualitative
investigations of the interactions with the iodophoric
molecule polyvinylpyrrolidinone (Gottardi, unpublished
data) reveal that K;- is much less than K}, and Ki;-. With
regard to the normal conditions of use (i.e., presence of
appreciable iodide and pH < 7), this has the following
consequences (Gottardi, 1999):

1. HOI and the species derived from it (O, HL,O-,
1,0%, and H,OI") can be neglected.

2. Because the reactions in equations (11) through (13)
reduce the equilibrium concentrations of I, I37, and,
to a certain degree, I, the species Is~ and 1%~ can be
ignored as well.

Therefore, in iodophoric preparations, only the tri-
iodide equilibrium [equation (3)] and the interactions of
the iodophoric molecules with I, I3, and I~ are impor-
tant, all of which are independent of pH. Because HOI is
virtually absent, stability problems concern only interac-
tions with oxidizable components, but not disproportion-
ation to jodate.

Influence of Temperature

Although not usually considered, temperature should
not be overlooked. In a study dealing with ten different
povidone—iodine preparations, the results for the relative
alteration of free iodine with temperature fitted to an
exponential function of the form

A‘%[Iz] At = 100[10(0.023 + 0.0026)At _ 1

which is valid from 10° to 40°C (Gottardi and Koller,
1986). Following this equation, [I] increases approxi-
mately 5.4% and 100% if the temperature rises 1.0° and
13.1°C, respectively. This increase of [I] must be con-
sidered in the application of povidone—-iodine prepara-
tions as disinfectants or antiseptics on living tissues.
Because of their higher temperature (30° to 36°C), povi-
done—iodine preparations used on living tissues exhibit a
significantly higher [I.] than they do at room temperature
(At = 10° to 16°C; A%[L2] = 70% to 130%). Therefore, a
significantly higher degerming efficiency can be
expected compared with that obtained in vitro experi-
ments, which usually are conducted at room temperature.

Atypical Behavior of Iodophors at Dilution

If 10% povidone—iodine is diluted, the concentration of
free molecular iodine unexpectedly increases and passes
through a maximum approximately in the 0.1% solution.

As can be seen in Fig. 8.5, the concentration of free
iodine in a 10% povidone—iodine solution comes to
approximately 2.0 mg and 8 X 107 mol/L and rises in a
1: 100 dilution nearly tenfold. On further dilution, after
passing the maximum ([I2) = 10~ mol/L), the free iodine
behaves increasingly “normally”—that is, it decreases—
and below 0.01%, the povidone—iodine solution can be
regarded as a simple aqueous solution of iodine.

Because [I] depends not only on the concentration of
povidone—iodine, but on total iodine (in general, 1%)
and total iodide [iodine/iodide ratio; see Pinter et al.
(1983)], and the presence of iodine-complexing phar-
maceutical additives, it undergoes considerable varia-
tion. Figure 8.5 shows the typical course of [12] of a pure
aqueous povidone—iodine at dilution. The ordinate of
the maximum (and to a lesser degree, its abscissa) there-
fore is not a constant for different iodophors and prepa-
rations containing iodophors. Figure 8.3 also shows the
behavior of Lugol’s solution on dilution, which explains
the drastic reduction of free jodine caused by the com-
plexing properties of the povidone molecules.

Individual Reactivities of Iodine Species

Much labor has been devoted to clear up these ques-
tions. Some answers are widely accepted:

Todide (I7), as a nonoxidizing species, has no degerming
activity.



This is true for iodate (1037) as well, which acts as an oxi-
dant only at an acid pH, as HIO; (pH < 4).

Free! iodine (1) is the only species with a proved corre-
lation between equilibrium concentration and bacteri-
cidal activity. Its solvated forms, I;-H,0 or I;'ROH are
thought to be the effective microbicidal agents in aque-
ous and alcoholic solution.

Triiodide (I37) probably has no degerming activity, which
was deduced from the negative effect that increasing
the iodide concentration has on inactivation of polio
virus (Krusé et al., 1970). On the other hand, triiodide
represents the reservoir oxidation capacity in non-
iodophoric preparations (Lugol’s solution). It is the
main species responsible for staining of tissue (Hickey
et al, 1997).

Hypoiodous acid (HOI) is thought to contribute to bacte-
ricidal action, which is a plausible analogy with the
system Clo/Hz0, where HOC! is the true active species.

Although Chang (1971) claimed differing behaviors of I
and HOI against certain germs, reports on the bacteri-
cidal properties of HOI and on attempts to establish a
difference between I, and HOI should be treated cau-
tiously (Gottardi, 1999). Although it is possible to
manipulate an aqueous iodine solution to exhibit
greater than 90% of its oxidation capacity as HOI (pH
= 8.5, no additional iodide), such systems in general
have no practical importance, mainly because of sta-
bility problems. On the other hand, given a similar
reactivity of I and HOI in highly diluted systems {c(lz)
< 107% mol] without additional iodide (as is usual in
drinking water disinfection) and in the pH range of 3 to
9, a more-or-less constant bactericidal activity of
iodine in aqueous solution can generally be expected
(Gottardi, 1978a).

lodine cation (H20I*) is thought to be a very potent iodi-
nating agent. Many publications identify this species as
being responsible for disinfection, which can be traced
back to a comprehensive and often-cited study dealing
with the halogens in disinfection (Krusé et al., 1970).
However, exact calculations (Gottardi, 1999) show that
the iodine cation has some importance, if any, only
under very acidic conditions (pH < 1) and in the total
absence of additional iodide, where it amounts at the
most to only approximately 0.3% of the total iodine at
high dilutions (Fig. 8.2D). Under conditions used in
practice (i.e., in the presence of iodide to regulate the
concentration of free molecular iodine and improve
stability), however, the iodine cation is virtually absent
and therefore of no importance. For example, a solu-
tion with ¢(12) = 0.001 and ¢(I") = 0.01 mol/L generates
(I2] = 1.31 x 10 mol/L or 33.3 ppm at pH < 8 (Fig.

'The term free serves to distinguish this I, from complex-bound I, as
discussed later for iodophoric preparations, and refers to the solvated forms
1:H;0 and 1,ROH.
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8.3C). The concentration of the iodine cation, however,
comes to [H20I'] = 2.15 x 107!* mol/L (not shown in
Fig. 8.3C), which is approximately nine orders of mag-
nitude less than [I]. Even if we attribute a higher reac-
tivity to the iodine cation, which is thought to play an
important role in certain substitutions, this can hardly
explain any real contribution to the disinfecting
process.

Virtual Impossibility of Discriminating Microbicidal
Activities of I, and HOI

A frequently quoted issue is the contribution of free
molecular iodine, Iz, and hypoiodous acid, HO], to dis-
infection processes and the differences in their bacteri-
cidal power (Krusé, 1970). As set forth previously, a
solution containing predominantly I needs a pH of less
than 5 and absence of iodide, whereas a solution con-
taining predominantly HOI needs a pH of approximately
8.4. A comparison of the killing effect of I and HOI pre-
supposes that the susceptibility of bacteria for interac-
tion with these iodine species is the same in both pH
ranges, which is a coarse simplification. Therefore, a
definite differentiation of both species probably is not
feasible, an assertion that applies also to other iodine
species as well.

Stability of Iodine-based Disinfectants

Iodine and other disinfectants based on halogens in the
oxidation states 0 or +1, as long as they are not present as
pure substances (i.e., without a solvent), can gradually
lose part of their degerming properties (e.g., during stor-
age). This is due to (a) substitutions of covalent hydrogen
(e.g., O-H, N-H, C-H, as a result of reactions with solvent
molecules and pharmaceutical additives); (b) additions to
olefinic double bonds; and (c) the disproportionation of
hypohalous acid to halate in aqueous preparations [equa-
tion (9)], which has no degerming properties (see earlier).
Although substitutions, which in the case of iodine are
thought to be fewer than with chlorine and bromine, and
additions can be avoided by an appropriate composition,
the equilibria in equations (1) through (8) are established
in any case if water is present, and iodate formation
[equation (9)] can begin.

On the basis of calculated equilibrium concentrations,
reaction times, and initial rates of iodate formation, the
following conclusions have been drawn concerning the
stability of iodine-containing disinfecting solutions (Got-
tardi, 1978a, 1981, 1999):

1. Below pH 6, a decrease in disinfection efficacy
because of the formation of jodate can be excluded.

2. Above pH 7, the formation of iodate, the extent of
which largely depends on the pH value as well as on
the iodide concentration, must be regarded carefully.
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Raising the pH value lowers the stability (iodate for-
mation increases), whereas raising the iodide con-
centration improves the stability (iodate formation is
reduced).

3. Because of the stabilizing effect of the iodide ion,
provided that its concentration is high enough, the
opposing effect of the pH value can be overcompen-
sated. As a result, iodine-based preparations can also
exhibit sufficient stability for practice in the weak
alkaline range (e.g., Lugol’s solution, at pH < 9).

4. In highly diluted iodine solutions (<10~ mol/L, or
2.54 mg/L), which are used to disinfect potable water
or swimming pool water, only a slow iodate forma-
tion can be expected even in absence of additional
iodide and pH 8 or lower. In accordance with this, in
iodine-based disinfection plants, no significant
amounts of iodate have been detected (Black et al.,
1968).

The Absence of N-iodo Compounds in Aqueous
Solution

The well known equilibria of halogen with N-H com-
pounds:

X+ N—Ho SN—X+H'+X  (l4a)
HOX+_ _N—He CN—X+H0 (14b)

leads to numerous N-chloro compounds that play an
important role in chlorine-based disinfection practice;
this, however, is not the case with iodine.? Although N-
iodo compounds can be synthesized in a nonaqueous sys-
tem (Gottardi, 1974, 1975), in contact with water they
immediately hydrolyze:

SN—I1+H0 - >N—H +HOl (15)

HOI immediately begins to disproportionate according to
equation (9); iodide and protons develop, and a compro-
portionation reaction [reverse of reaction equation (1}]
also takes place, forming molecular iodine. Within min-
utes, the reaction settles, and the ratio of resulting prod-
ucts, I and 1057, complies with the stoichiometry set
forth in equation (16) (Gottardi, 1978b):

5> N—I1+3H0—5 N—H+2L+H" +10y
(16)
Because the equilibria of equations (15) and (16) are
lying far on the right side practicaily no N-iodo com-
pound is present and the reverse reactions of eq 14a, b do
not take place. N-iodo compounds, therefore, are virtu-
ally without any relevance for disinfection.

*This assertion complies with the pH range relevant for disinfection (pH
4 to 8) and not with alkaline conditions at 0°C, where N-iodo alkylamines
can be synthesized even in aqueous solutions (Jander et al,, 1972),

Reaction with Proteinaceous Material: Bacterial Kiil
and Consumption Effects

Halogens react not only with living microorganisms
but with dead ones and with dissolved proteins. In con-
trast to chlorine, where oxidizing (and bactericidal) N-
chloro compounds still emerge, with of iodine these reac-
tions (consumption effects) are associated only with a
loss of oxidation capacity [equations (16) to (18)]
because N-iodo compounds are not formed (see earlier).

Interaction with thiols (S-H compounds) runs in two
directions, with oxidation to disulfides [equation (16a)]
on the one hand, and to sulfur-oxygen acids [i.e.,
sulfenic, sulfinic, and sulfonic acids; equation (16b)}, on
the other hand. Because these reactions run with similar
speed, the proportions of the diverse products are mainly
governed by the mode of mixing. Equation (17)
describes substitution at activated aromatic compounds
(e.g., the amino acids tyrosine, histidine, and the nucle-
osides cytosine and uracil), whereas equation (18) refers
to the addition of I> to the olefinic function of unsatu-
rated fatty acids:

R—SH ™3 R—SS—R (162)

R—SH 2% R—SOH ‘2% R—SOH ‘573,
R— SO:H (16b)
=CH— +Lo=Cl—+H'+TI" (17

—CH=CH—+,—-»—CIH— CHI— (18)

Todine’s Mode of Action as a Microbicide

Iodine, mainly in its molecular form, can penetrate the
cell wall of microorganisms rapidly (Chang, 1971),
which can be deemed its fundamental feature. Although
exact details about the killing of a living cell by the I
molecule (or one of the reaction products occurring in
aqueous solution) are not known, it is plausible that
microbial kill by iodine is based on the reactions outlined
in equations (16) through (18), which could have the fol-
lowing consequences:

1. Oxidation of the SH group (Krusé et al., 1970) of
the amino acid cysteine results in loss of the ability
to connect protein chains by disulfide (—S—S—)
bridges, an important factor in the synthesis of
proteins.

2. Todination of the phenolic and imidazolic groups of
the amino acids tyrosine and histidine, which easily
form monoiodo or diiodo derivatives, and iodination
of the pyrimidine derivatives cytosine and uracil
could increase the bulk of the molecules, leading to a
form of steric hindrance in hydrogen bonds. As was
postulated for the interaction with hypochlorous acid



(Priitz, 1996), this could cause denaturation of DNA
through dissociation of the double strand into single
strands. Because of the bulk of the large iodine
atoms, this effect should be even more pronounced in
case of an iodine-based disinfectant.

3. The addition of iodine to unsaturated fatty acids
[equation (18)] is thought to lead to a change in the
physical properties of the lipids and to cause mem-
brane immobilization (Apostolov, 1980). Electron
microscopy and biochemical observations support
the conclusion that iodine, by interacting with the
double bonds of phospholipids causes damage of the
cell wall which leads to a loss of intracellular mater-
ial (Reimer et al., 1998).

Of the preceding points, the first might be the most
important, both because of the ubiquitous SH groups and
the very fast and irreversible reaction with iodine.

Effect of Iodine-consuming (Reducing) Material

In in vitro experiments using peptone solutions, it was
shown that iodine reacts with proteins at least three times
slower than chlorine and nearly four times slower than
bromine (Gottardi, 1976). Hence, in disinfection under
conditions occurring in practice, that is, in the presence
of dissolved proteins (blood, serum, sputum), iodine is
much more efficient than chlorine (and bromine) because
the share of the halogen concentration available for the
actual degerming reaction is considerably greater. The
comparatively low reactivity with proteins (no N-iodo
compounds), which is sufficient, however, to achieve
high killing rates, is one of the reasons for the excellent
degerming properties of iodine.

However, there is a minor drawback with iodine that is
not relevant for chlorine disinfection. As can be deduced
from equations (16) through (18), consumption effects
are always connected with the formation of iodide [which
is the only iodine-defived reaction product in equation
(16a, b)]. Thus, according to the reactions in equation
(16) through (18), not only is the reservoir of available
iodine (oxidation capacity) diminished, but the triiodide
equilibrium [equation (3)] is shifted to the right. This
means that the bactericidal power (which is a function of
{I2]) is diminished to a higher degree than would be esti-
mated on the basis of the loss of total iodine. This disad-
vantage is avoided with formulations that can reoxidize
the formed iodide, such as “enzyme-based iodine” (Duan
et al., 1999; Hickey et al., 1997).

PREPARATIONS CONTAINING OR RELEASING
FREE IODINE

Solutions of Yodine and lodide

To this group belongs a great variety of preparations
Containing elemental iodine and potassium (or sodium)
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iodide in water, ethyl alcohol, and glycerol, or in mixtures
of these solvents. They rank with the oldest disinfectants
and have survived more than 150 years owing to their
efficacy, economy, and stability. The following are the
official preparations according to the United States Phar-
macopeia XXIII (USP XXIII): (a) Iodine Topical Solu-
tion, an aqueous solution containing 2.0% iodine and
2.4% sodium iodide; (b) Strong lodine Solution (Lugol’s
Solution), an aqueous solution containing 5% iodine and
10% potassium iodide; (c) lodine Tincture, containing
2.0% iodine and 2.4% sodium iodide in aqueous ethanol
(1:1); and (d) Strong lodine Tincture, containing 7%
iodine and 5% potassium iodide in 95% ethanol. Because
all of these preparations contain large amounts of iodide
(0.16 to 0.6 mol/L), only the triiodide equilibrium {equa-
tion (3)] becomes important. As a result, these solutions
virtually contain only molecular iodine, iodide, and triio-
dide and are therefore very stable because there is no HOI
present (see earlier). Because of their high content of free
molecular iodine (e.g., Lugol’s solution (] = 155.6
ppm), they are powerful disinfectants with the disadvan-
tage of staining and a toxic potential that should not be
underestimated (see Toxicity).

Preparations Containing Organic Complexing Agents

In addition to preparations with complexing agents of
low molecular weight, such as tetraglycine hydroperio-
dide (Gershenfeld, 1977) or the inclusion compound
iodine-maltosylcyclodextrin (Kawakami et al., 1988),
this group includes the important iodophors, a term indi-
cating in general the combination of iodine with a carrier
(as these complexing agents usually are called) of high
molecular weight. In aqueous solution, iodophors form
the same iodine species as do the pure aqueous iodine
solutions (see earlier). However, the polymer carriers,
because of their complexing properties, partly reduce the
equilibrium concentrations of the iodine species and give
the iodophor preparations properties that make them
superior in some respects to solutions containing only
iodine and iodide.

Todophors

An iodophor is a complex of iodine with a carrier that
has at least three functions: (a) to increase the solubility
of iodine, (b) to provide a sustained-release reservoir of
the halogen, and (c) to reduce the equilibrium concentra-
tion of free molecular iodine. The carriers are neutral
polymers, such as polyvinylpyrrolidinone, nonylphenoxy
polyethoxyethanol, polyether glycols, polyvinyl alco-
hols, polyacrylic acid, polyamides, polyoxyalkylenes, and
polysaccharides.

In the solid state, iodophors form deep brown to black,
crystalline powders that usually do not smell of iodine,
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indicating a tight bonding with the carrier molecules.
Their solubility in water is good but depends on the chain
length of the polymeric molecules and varies in the case
of povidone—iodine between 5% (type 90/04, average
molecular weight near 1,000,000) and more than 20%
(type 17/12, average molecular weight near 10,000). The
best known iodophor is povidone—iodine, a compound of
1-vinyl-2-pyrrolidinone polymer with iodine, which
according to USP XXIII contains not less than 9.0% and
not more than 12.0% available iodine. On the basis of
spectroscopic investigations (Schenck et al., 1979), it was
found that povidone—iodine (in the solid state) is an
adduct not with molecular iodine (1) but with hydrotri-
iodic acid (HI;), where the proton is fixed by a short
hydrogen bond between two carbonyl groups of two
pyrrolidinone rings and the triiodide anion is bound ioni-
cally to this cation (Fig. 8.6).

A completely different situation occurs in solution,
where this structure no longer exists and equilibria
between Iy, 17, 17, and the polymeric organic molecules
are established [equations (3) and 11 through (13)]. The
high concentration of carrier molecules (approximately
90 g/L) results in the content of free molecular iodine
being greatly reduced in such preparations (10% aqueous
solution of povidone—iodine: c(I3) = ¢(I") = 0.04 mol/L,
{I2] = 1 x 1075 mol/L or 2.54 ppm) compared with pure
aqueous solutions with the same total iodine and total
iodide content (aqueous iodine solution: c(lz) = c(I")=
0.04 mol/L, pH 5: [I2] = 5.77 x 10~* mol/L or 1,466 ppm.}
The high content of free iodide (which varies between
1073 and 107! mol/L, according to the preparation) also
means that HOI can be disregarded, and only [ is respon-
sible for disinfection (see earlier).

Relevance of Free Molecular lodine to the Efficiency of
lodophor Preparations

- The real bactericidal agent is free molecular iodine,
because 1t is this species alone for which a correlation
between concentration and bactericidal activity has been
proved, and not for the total iodine or iodophor concen-
tration (Berkelmann et al., 1982; Pinter et al., 1983; Got-
tardi and Puritscher, 1986; Hickey et al., 1997).

However, the various commercial preparations differ in
the amount and kind of pharmaceutical additives, such as
detergents and back-fatting agents, all of which usually
have iodine-complexing properties, as well as in the ratio
of total iodine to total iodide (Pinter et al., 1983). This
results in a significant difference in the concentration of
free molecular iodine in spite of the fact that the actual
iodophor concentration or the concentration of the total
(titratable) iodine might be the same.

*This is a hypothetical value because the solubility of molecular iodine
lies at 334 ppm (25°C), and an aqueous solution of this composition con-
tains undissolved iodine.

These circumstances make it necessary to determine the
free iodine, which can be measured by three different
methods: (a) by extraction with a nonpolar solvent, such as
heptane (Pollack and Iny, 1985); (b) by dialysis (Horn and
Ditter, 1984); and (c) by a potentiometric method (Got-
tardi, 1983). Free iodine is the yardstick for bactericidal
potency (killing rate), whereas the total iodine, which fol-
lows from the specification or simply can be assayed by
titration, points to the disinfection capacity. The latter com-
prises all oxidizing iodine species and therefore should not
be confused with the free molecular iodine, which (except
in highly diluted solutions; see Fig. 8.5) amounts to only a
small fraction of the total available iodine. For aqueous
preparations, determination of free iodine is a reliable and
simple means to predict bactericidal properties (Gottardi
and Puritscher, 1986) and, as already pointed out, should
be specified by the manufacturer.

However, because the aforementioned methods for
analyzing free iodine are established for aqueous sys-
tems, measurements in alcoholic solutions or water/alco-
hol mixtures not only need special calibrations, but do
not give true correlations with the bactericidal potential
because the solvent is itself bactericidal. Another restraint
is that some pharmaceutical ingredients (e.g., detergents)
in commercially available iodophor preparations may
influence the susceptibility of a living microorganism to
iodine and disturb the correlation between bactericidal
activity and concentration of free iodine.

Forms of Application

According to USP XXIII, the following application
forms of povidone—iodine are approved: Povidone-lodine
Topical Solution, Povidone-lodine Cleansing Solution,
Povidone-lodine Ointment, and Povidone-lodine Topical
Aerosol Solution. With regard to available iodine, all must
contain not less than 85% and not more than 120% of the
labeled amount. In general, povidone—iodine preparations
contain 1% to 10% povidone—iodine, which is equivalent to
0.1% to 1.0% available iodine. They may contain a small
amount of alcohol (Topical and Cleansing Solution); the
cleansing solutions contain one or more surface-active
agents. The aerosol solution, however, is a povidone—iodine
solution under nitrogen in a pressurized container.

Influence of lodine Consumption on the Efficacy of
Povidone-Iodine Preparations

Because iodophoric preparations are mainly used as
medical antiseptics, the influence of iodine-consuming
body fluids is a very important feature with regard to
bactericidal capacity and rate. Mainly in presence of
blood, which is characterized by numerous SH functions,
the reservoir of available iodine is substantially dimin-
ished and, because of the formed iodide, the triiodide
equilibrium {equation (3)] is shifted to the right. Both



effects decrease the proportion of free molecular iodine
(see earlier).

On the other hand, when povidone—iodine preparations
are contaminated with liquid substrata, the dilution effect
(see earlier) causes an increase in the equilibrium con-
centration of free molecular iodine (Fig. 8.5). The extent
to which this effect compensates for the other two
depends on the content of reducing substances. Thus,
with whole blood, a large decrease in the concentration of
free molecular iodine occurs, whereas in the presence of
plasma (exudates), the concentration remains unchanged
if the ratio blood to povidone—iodine is not too high (Got-
tardi and Koller, 1987).

Quantitative investigations into the consumption of
iodine (and other oxidizing substances) with blood are
distinguished by poor reproducibility, which can be
attributed to the different reactions of iodine with SH
groups [equation (16a, b)]. In practice, no substantial
decrease in the bactericidal efficacy of 10% povidone—
iodine preparations is likely with body fluids having a
composition similar to plasma (volume substrate/volume
10% povidone—iodine < 0.6). However, contamination by
25% or more whole blood should be avoided.
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FIG. 8.5. Tota! available (dashed lines) and free molecular
(solid lines) iodine in aqueous povidone—iodine (determined
potentiometrically) (Gottardi, 1983) and in Lugol's solution
lcalculated after Gottardi (1980)].
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lodophoric Preparations and “Active Agents”

In the search for the ideal disinfectant (i.e., the impos-
sible combination of immediate bacterial kill with com-
plete lack of unwanted side reactions), much work was
done by microbiologists comparing preparations based
on different chemistries or killing mechanism (e.g., chlo-
rine, iodine, aldehydes, peroxides, chlorhexidine, quats).

The results of such studies usually are presented in
such terms as, for example, “ . . . 0.25% chlorhexidine
and 0.025% benzalkonium chloride was more (or less)
effective than 10% povidone iodine . . .”” Such a formu-
lation implies that povidone—iodine is an active agent;
however, this is not the case. The basic requirement to
designate a substance as an active agent are (a) a defined
molecule and, (b) a positive correlation between the con-
centration of these defined molecules and bactericidal
activity. Both criteria are not fulfilled with povidone—
iodine.

With regard to the nature of povidone-iodine and its
disinfecting properties, the following points have been
made (Gottardi, 1991):

1. Although povidone—iodine in the solid state forms a
crystalline powder with a delineated structure in
which iodine is present in form of discrete Hlz units
(Fig. 8.6), it is not a uniform compound because the
polymeric carrier molecules show a molecular
weight distribution. In aqueous solution, however,
there no longer are Hl; molecules but an equilibrium
between I, Iz, and I3, which are more or less com-
plexed with the organic carrier molecules.

2. Povidone-iodine preparations with 10% povidone-
iodine and 1% titratable iodine can easily be adjusted
to contain a range of 0.1 to more than 20 ppm free
molecular iodine (I2). Indeed, in a comparison of ten
commercially available preparations, a range of 0.2
to 10 ppm free molecular iodine was found (Gottardi
and Koller, 1986a).

3. Because of a possible range in [I,] of approximately
two orders of magnitude, preparations specified to
contain 10% povidone—iodine will probably exhibit
remarkable variations in bactericidal activity.

4. Because there is no direct and positive correlation
between bactericidal activity and the concentration
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FIG. 8.6. Structure of solid povidone—iodine (Schenck et al.,
1979). .
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of povidone—~iodine (dose—action relation), it follows
that povidone—iodine cannot be regarded as an active
agent (like chlorohexidine), but rather as a pharma-
ceutic base material.

5. As long as free molecular iodine (the most impor-
tant species) is not specified, both quantitative
killing results (log reductions) and evaluation of
toxicity relate only to the batch number X of the
preparation Y of the manufacturer Z, and do not
contribute to solution of basic issues of iodine and
disinfection.

6. Results of comparisons of povidone—iodine with
preparations with specified active agents (e.g., 70%
alcohol, 0.2% octenidine, 0.5% chlorhexidine) should
not be generalized because they are misleading.

Although they have been published (Gottardi, 1991),
these assertions are not accepted (obviously because they
are not read or understood); this also applies to the previ-
ously stated necessity to specify for iodine-based prepa-
rations, in addition to total (titratable) iodine, at least the
free molecular iodine, which provides information about
toxic effects as well as microbicidal activity. It is a seri-
ous sin of omission on the part of official institutions not
to insist on specification of free molecular iodine in
iodine-based preparations.

Solid Iedine-based Microbicidal Compositions

To this group belong resins containing quaternary
ammonium groups loaded with triiodide and higher
polyiodide ions (e.g., pentaiodide). In contrast to the
“classic” disinfectants, which contain- antimicrobial
agents that are dispersed in a liquid (or gas) phase, these
resins rank among the “nonclassic chemical disinfec-
tants,” which consist of active moieties attached to, asso-
ciated with, or stored in (or a combination thereof) a solid
phase (Kril et al., 1986). Their mode of action is
explained either by direct, physical contact with their sur-
face or by slow release of a disinfecting agent (in this
case, iodine) into the bulk phase being disinfected.
Because the residuals of total iodine washed out by the
water flowing through the resin are very low, the resins
seem to be ideally suited for application in point-of-use
water purification units (Osterhoudt (1997).

Preparations Producing Iodine In Situ

Preparations of this kind do not contain elemental
iodine, but rather iodide (Nal or KI), and produce the
former by an oxidation process (21~ — I, + 2e") that can
be performed either chemically or by electrical current.
In the first (chemical) case, we are dealing in general
with stable, dry powder concentrates that start to pro-
duce iodine only when they come in contact with water.
Examples of oxidants that were used to produce iodine
in situ are chloramine-T, 1,3-dichloro-5,5-dimethylhy-

dantoin (White, 1972), and NH,Cl (Kinman, 1976). A
more recent development uses calcium peroxide as an
oxidant and horseradish peroxidase as a catalyst
(Hickey et al., 1997). The great advantage of this con-
cept, called enzyme-based iodine (EBI), lies in the com-
bination of a relatively high concentration of free mol-
ecular iodine (15 ppm) with a comparatively very low
concentration of total iodine (=30 ppm). This is in con-
trast to, for example, iodophoric preparations, where
the ratio is not 1:2 but approximately 1:1,000. In
addition, the EBI system is able to reoxidize reduced
iodine, which results in a constant level of active iodine
during its use-life. This outstanding feature was demon-
strated in repeated cycles of endoscope processing
(Duan et al., 1999).

The production of iodine by anodic oxidation of an
aqueous iodide solution is another possibility for supply-
ing a diluted disinfecting solution in situ in the large vol-
umes recommended for municipal drinking water sup-
plies, cooling towers, and swimming pools (Sampson and
Sampson, 1995). In a closed disinfecting system, electric
current can be used to reoxidize consumed (reduced)
iodine, for which potentiometric steering is possible
(Gottardi, unpublished data).

Synopsis of Composition and Active Iodine Forms in
Disinfectant Solutions

Table 8.1 gives a synopsis of the different preparations
containing iodine and the applications for using iodine.
Besides the total concentration of iodine and iodide, the
presumable active species and their calculated, mea-
sured, or estimated equilibrium concentrations are
shown. Furthermore, a tentative description of the con-
ditions in alcoholic solutions is given. In contrast to pure
alcoholic solutions (containing only iodine and an alco-
hol), where iodine predominantly occurs in the solvated
molecular form, I, ROH (besides some triiodide; see
Alcoholic Solution), alcoholic preparations used in prac-
tice (Tincture and Strong Tincture of lodine, USP XXIII)
also contain iodide and water, with the result that the
equilibria in equations (1) through (8) also are estab-
lished. However, because of the iodide content, no HOI
is present, and only the solvated iodine molecules
1>'ROH and I,'H,O—apart from the alcohol itself—
appear to be responsible for disinfection. A differentia-
tion between the two forms with regard to relative reac-
tivity should favor the hydrate complex because of the
greater stability of the I,—alcohol-solvate complex (the
inductive effect of the alkyl group increases the electron-
donating properties of the oxygen).

HOI as a virtual contributor to the microbicidal
process may be expected only in iodine/water systems of
high dilution and very low iodide concentration, as is the
case with iodine disinfection of drinking and swimming
pool water.



TABLE 8.1. Composition and active iodine form in disinfectant solutions containing iodine

Total iodine content

lodine form mainly responsible
for microbicidal effect
{concentration proportion of the

Components Solvent Examples (total iodide content) total iodine concentration)
I2 Ethanol Solution of iodine 1% 12-ROH
in alcohol .
H0 Drinking water, 1075-10¢ M/L 1-ag, HOI ([i2] + [HOI): 0.25-2.5
swimming pool ppm?; 98%—100%)
iodination
I, I H0 Lugol's solution 5% (10% Kl) 1>-aq (155.6 ppm?; 0.31%)
I, I” H20 Enzyme-based iodine l-aq (15 ppm; ~50%)
3040 ppm
(110-130 ppm)
Ethanol/H20  lodine tincture 2% (2.4% Nal) 12-ROH, l-aq
Iz, I, polym. org. H.0 Mucosal disinfectant 0.5%—1.0% (iodide content l2-aq (0.2-10 ppm?;
complexing and washing varies greatly depending 0.003-0.1%)
agents,¢ additives? concentrates based on the preparation)
on iodophores
Propanol/H.0O Skin disinfectants 0.1% (0.05%) l-ROH, l2-aq

(sprays)

“Calculated (see Gottardi, 1999).

bMeasured potentiometrically (see Gottardi, 1983) in commercially available products.

“Povidone, polyoxyalkylenes, polyetherglycols, and the like.

Buffers, detergents, foam stabilizers, artificial colourings, and the like.

TABLE 8.2. Practical applications of iodine as a disinfectant: concentration, exposure time, disinfective result

Scope of Exposure
application Concentration Conditions time Disinfective resuit References
Drinking water 8 ppm — 10 min “Kill of water-borne Committee on Medical
pathogens” Research (1948)
3—4 ppm 25°C 12 min “Reduces 10° Chang and Morris
3-4 ppm 3°C 22 min bacterial/mL to less (1952)
than 10 bacterial/mL"
Drinking water  5-6 ppm 20°-25°C 10 min “Excellent disinfectant
in emergency 5-6 ppm near 0°C 20 min for water supplies
under emergency
conditions”
5 drops Iz tincture Clear water 30 min “Water safe for drinking” United States Public
to a quart of water : Health Service
10 drops |2 tincture Cloudy water 30 min (1940)
to a quart of water
4.0-8.0 mg/L Turbid water 30 min “Water of virtual potable Ellis and van Voce
of low quality quality” (1989)
Swimming-pooi 0.2 (0.1) ppm — “Provides water of Black et al. (1959)
water satisfactory quality”
0.2 ppm —-— “Maintains the water at U.S. Public Health
a satisfactory Service (1962)
bacteriological quality”
General 1:20,000 Absence of 1 min “Most bacteria are killed”  Goodman and Gilman
germicidal organic (1980)
action matter
1:20,000 Absence of 15 min “Wet spores are killed” Goodman and Giiman
organic ' {1980}
matter
1:200,000 Absence of 15 min “Will destroy all Goodman and Gilman
organic vegetative forms (1980)
matter of bacteria”
Disinfection 1% tincture - 90s “Will kil 90% of the Goodman and Gilman
of skin bacteria” (1980)
5% tincture — 60s “Will kil 90% qf the Goodman and Gilman
bacteria” (1980)
7% tincture — i6s “Will kill 90% of the Goodman and Gilman
bacteria” (1980)
1% aqueous |, solution Skin of hands 20 min “Inactivation of rhenovirus™ Carter et al. {1980)
2% aqueous I, solution  Skin of hands 3min  “Inactivation of rhenovirus” Carter et al. (1980)
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ORGANIC IODINE COMPOUNDS

Compounds of this class contain iodine bound to a car-
bon atom, and they differ from the previously described
disinfectants in that they contain no free iodine and are
not oxidizing. Iodoform (trilodomethane), probably the
oldest pharmaceutically used iodine compound, forms
yellow crystals with a characteristic anesthetic odor. It
came into extensive use as a dusting powder, especially as
a local antiinfective agent to promote granulation and
diminish infections of open wounds (Gershenfeld, 1977).
Because of its toxicity (it may cause sleeplessness, hallu-
cinations, and spasms), it has been replaced by other
preparations, especially those containing iodophors, and
it is no longer specified in the USP.

A special application still in use is the filling of cavi-
ties in dentistry and oral surgery with triiodomethane-
containing pastes or trilodomethane-coated gauzes. Par-
ticularly, a calcium hydroxide—iodoform mixture was
favored as a root filling material (Kubota et al., 1992).
Filling of large cavities, however, should be avoided
because O’Connor et al. (1977) reported on a severe iod-
oform toxicity with bismuth—iodoform—paraffin paste
gauze after a total maxillectomy. With regard to its bacte-
ricidal mechanism, iodoform was thought to produce ele-
mental iodine and formaldehyde in connection with water
(Knolle, 1975). This assertion seems doubtful because it
was impossible to detect any free iodine in an aqueous
slurry of CHI3 at 37°C and pH 7 with a method that is
sensitive down to 2.5 X 1078 mol/L (Gottardi, 1982).

Iodine derivatives of quinoline exhibit protozoicidal
and metazoicidal properties and have shown excellent
results in prophylactic and therapeutic use (Gershenfeld,
1977). Iodoquinol (USP XXIIl, 5,7-diiodo-8-quinolinol)
and clioquinol (USP XXIII, S-chloro-7-iodo-8-quinoli-
nol) are the best known active substances of this type and
serve as the basis for creams, ointments, powders, and
tablets. To this class of compounds also belong the
iodine-containing x-ray contrast media. Examples are
locetamic acid, iopanoic acid, and iothalamic acid (all
USP XXIII). They contain a benzene ring system with
three iodine atoms in meta-position, and are used as such
but also in the form of their derivatives. The radioactive
compounds iodohippurate sodium I 123 and I 131 (USP
XXIII) are used for nuclear medical purposes. Of only
historical interest are the iodonium compounds, with the

“general formula [R,I*]X~, where R is an organic radical
and X" an inorganic or organic anion (e.g., diphenyliodo-
nium chloride). The structure resembles that of the onium
compounds (e.g., quaternary ammonium), and the active
part of these compounds is iodine in the oxidation state
+3 (Gershenfeld and Witlin, 1948).

TOXICITY

Toxicity comprises all unwanted side reactions that can
be classified as primary effects, like irritation and stain-

ing, and secondary effects that are the biologic conse-
quences of incorporation. In discussing these features, it
is necessary to take into account (a) the composition of
the preparation, that is, the equilibrium concentrations of
the iodine species Iz, I, and I37; (b) their specific contri-
bution to toxic effects; (c) the nature of the tissue coming
in contact with the iodine system; and (d) the mode and
time of application.

Irritation is a result of iodinating or oxidizing reactions
for which free molecular iodine is chiefly responsible.
Because these reactions are the same as those that cause
bacterial kill, in general a positive correlation between
both features can be expected. However, the surprisingly
low toxicity of the low-level EBI disinfecting system
(Duan et al.,, 1999) reveals that a high concentration of
free molecular iodine (15 ppm) is well tolerated if total
iodine (triiodide) is very low (30 to 40 ppm).

Staining is mainly caused by the triiodide ion and only
to a minor degree by free molecular iodine (Hickey et al.,
1997). The deep brownish color on skin is often misinter-
preted as a kind of burn.

For incorporation effects, two routes are possible: dif-
fusion through the treated tissue, and uptake as drinking
water. In the first case, uncharged molecular iodine plays
the main role because it is able to diffuse through the
skin. For the ionic species like I” and I3, however, intact
skin acts as a barrier (Goldsmith, 1983). The triiodide
ion, therefore, is retained in the outer, horny layers of the
skin, where it causes staining that cannot be removed by
washing. However, because of the equilibrium I3~ <> I +
[-, as long as staining is visible, molecular iodine is
formed and diffuses into deeper regions of the skin,
where its reduction causes an increase in serum iodide.
On the other hand, there is also diffusion out of the skin,
causing a remanent bactericidal action (see later). There-
fore, staining, although caused by the charged species
[57, also leads to real incorporation, and should be seen as
a sign of toxicity. The contribution of iodide to incorpo-
ration is confined to ingestion (iodinated drinking water,
1odide-containing foodstuffs) and resorption with disin-
fection of mucous membranes.

Although the symptoms are clear in irritation and
staining, the secondary effects (based on incorporation)
have diverse manifestations: elevated iodide levels in
urine and serum, and deviations (usually an increase) in
serum levels of parameters connected with thyroid func-
tion, T4 (thyroxine or tetraiodothyronine), T3 (triiodothy-
ronine), and thyrotropin (thyroid-stimulating hormone;
TSH). )

Topical Antiseptic Preparations
Iodine Tincture

High doses of free iodine, such as in form of iodine
tincture, are highly toxic if brought into body cavities,
and cause swelling and bleeding of mucous membranes.



Consumption of 30 g of iodine tincture can be fatal
(Wirth et al., 1967). As an antidote for such accidents, 10
to 20 g sodium thiosulfate (reduction of iodine to iodide)
or starch (formation of inclusion compounds) orally is
recommended (Kuschinsky and Lillmann, 1984).

Lugol’s Solution

The high concentration of free iodine ([I;] = 155.6
ppm) in Lugol’s solution makes it a powerful disinfecting
but also rather toxic solution, with strong staining prop-
erties grounded in the high triiodide concentration (0.18
moVl/L). It should be used only externally on very small
areas, where it can be recommended in emergencies (e.g.,
at injuries by contaminated hypodermic needles).

Enzyme-based Iodine

Toxicity tests, including oral toxicity, primary dermal
irritation, acute inhalation, ocular toxicity, acute dermal
irritation, and sensitization assays in test animals (rat,
rabbit and guinea pig), showed that except for slight irri-
tation to the unwashed rabbit eye and in the primary der-
mal test, there was no evidence of toxicity for EBI (Duan
et al., 1999). The authors attribute this low toxicity for
external and internal surfaces of animals to the low level
of total iodine (i.e., triiodide) in the germicide.

Povidone-Iodine

Povidone—iodine preparations were introduced in the
1960s with the aim of preventing primary toxic effects,
based on their low concentration of free molecular iodine:
Their low toxic potential was inferred from the increase
in serum iodide with their use, which is less than with
iodine tincture or Lugol’s solution (Knolle, 1975).
Because the carrier polyvinylpyrrolidinone was used as a
blood substitute, toxicity can be considered a secondary
problem. The good tolerance to povidone—iodine is
apparent in its successful application in healing burned
skin, although iodine resorption remains a drawback.
Hunt et al. (1980) found that the amount of absorbed
iodine was directly related to the size of the burn. Kuhn
et al. (1987) also state that on treating burns with a povi-
done—iodine preparation, plasma iodine (i.e., iodide)
sharply increased from 6.4 + 0.4 to 20.7 + 4.7 ug/100
mL; however, the authors also state that thyroid function
does not seem to be modified by plasma iodine overload.
Glébel et al. (1984) investigated iodine uptake after use
of povidone—iodine preparations (Betaisodona) as oral
antiseptic, vaginal gel, and liquid soap in subjects with
normal thyroid function. By measuring serum iodide, T3,
T4, and TSH and the urinary iodide excretion (as an index
of thyroid function), the authors observed an increase in
the iodine supply of up to 2 mg daily, but in no case the
development of hyperthyroidism or hypothyroidism. The
- drastic test conditions (e.g., hands and forearms were
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washed ten times for 2.5 minutes with povidone—iodine
liquid soap within 5 hours) permit the conclusion that
povidone—iodine preparations are nontoxic, at least for
healthy adults. ‘

In contrast, application of topical iodinated antiseptics
in neonates (term and preterm) caused, besides a notable
increase in urinary iodide excretion, significantly high
levels of TSH that were interpreted as transient thyroid
dysfunction (Vilain et al., 1994; Linder et al., 1997). In a
large-scale study at an obstetric ward, it was found that
iodine overload in the mothers, caused by skin disinfec-
tion before delivery using an iodophor preparation,
induces a transient impairment of thyroid function in the
infants, especially if they are breast-fed. Because this sit-
uation is detrimental to screening for congenital hypothy-
roidism, iodophor preparations are not recommended in
obstetrics (Chanoine et al., 1988). All three author groups
recommend that caution be exercised in the use of iodine-
containing antiseptics in neonates, and that noniodinated
substances with similar antibacterial efficacy should
preferably be used.

However, in a prospective, controlled study, it was
found that transient hypothyroidism is not a common
sequela of routine skin cleansing with povidone—iodine in
premature neonates in North America, an iodine-suffi-
cient area (Brown et al., 1997). This result differs from
the foregoing studies performed in Europe, which is gen-
erally considered an iodine-deficient area.

The irritation potential of povidone—iodine solutions
was investigated by comparing subjective and objective
assessment techniques with three similar formulations
(all containing 10% povidone—iodine and variable
amounts of potassium iodate: 0%, 0.03%, and 0.225%)
that were applied for 1 to 8 hours to the skin (Dykes and
Marks, 1992). The methods used, subjective assessment
of erythema, objective measurement of skin color (ery-
thema meter), and laser Doppler blood flow measure-
ments, showed consistent resuits indicating a steady
increase in cutaneous irritation, which in one case (the
preparation with the highest level of potassium iodate)
was essentially elevated. However, because these experi-
ments were conducted with the povidone—iodine speci-
men occluded by an aluminum chamber, the results
should not be extrapolated to normal conditions in which
the povidone—iodine solution dries on the skin, forming a
protective film with greatly reduced free iodine.

That povidone—iodine can evoke fatal consequences if
misapplied was shown in a case report on surgical débride-
ment of a hip wound where a patient died 10 hours after
continuous postoperative wound irrigation with Betadine.
Toxic manifestations of systemic iodine absorption
appeared to be the cause of death (D’Auria et al., 1990).

With regard to the toxicity of topical preparations, the
following generalizations can be made:

1. Because the stratum corneum of intact skin is an
effective barrier against electrolytes (Goldsmith,
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1983), it is penetrated by iodine in the form of mole-

cular iodine, but not by iodide or triiodide.

2. In body cavities (e.g., during treatment of mucous
membranes, perineal wash) that are not protected by
a stratum corneum, however, the incorporation of
iodide and triiodide also becomes important because
iodine preparations always contain these species.

3. Depending on the chemical nature of the tissue—dry
skin with a lower, or surfaces of body cavities with a
higher reducing potential—the penetrating iodine is
reduced more or less quickly to iodide.

4. The degree of irritation and the amount of total
iodine absorbed by the body mainly depend on:

a. The composition of the applied solution with
regard to the concentrations of the main iodine
species, I, Is", and I”

b. The time of application

c. The treated area

d. The nature of the treated area (horny skin,
mucosa)

e. The physical condition (intact skin, open wounds)
Long-term applications (irrigation) on open

wounds with concentrated formulations (e.g., undi-

luted povidone-iodine preparations) should be
avoided.

5. Aslong as it is not reduced, free iodine present on the
skin diffuses not only into deeper regions but back
out of the skin, resulting in a certain period of resid-
ual bactericidal activity on the skin surface (see
later). The reduced portion, however, remains in the
body for some time and gives rise to an increased
level of serum iodide. .

6. The incorporated iodine in the form of iodide and
organically bound iodine (which comes to ~75% of
the total resorbed iodine) leaves the body by urinary
excretion and has a biologic half-life of approxi-
mately 2 days (Globel et al., 1984). This finding also

- suggests that the frequency of treatments (e.g., in
case of burned skin) needs to be taken into account
because it can provoke an unexpected accumulation.

7. If the mode of application of an iodine preparation is
expected to cause a measurable increase in serum
iodide, a change to another disinfectant is indicated
for neonates and patients with disturbed thyroid
function.

Ingestion of Iodinated Drinking Water

Although it has limited use in terrestrial applications,
elemental iodine is considered to be an appropriate drink-
ing water disinfectant on extended space flights because
it does not present other hazards (e.g., chlorine gas or
ozone) that are unacceptable in a confined space. It is
already installed aboard the space shuttle and will also be
incorporated into the water recovery and distribution sys-
tem for the International Space Station (Atwater et al,,

1996). In view of the known potential risks associated
with elevated intake of iodine—in particular, congenital
goiter—the effects of iodine and iodide on thyroid func-
tion in humans were investigated (Robison et al., 1998).
The experiments failed to confirm the differential effect
of I; on maintenance of serum T4 concentrations relative
to the effect of I~ that was observed in previous experi-
ments in rats (Thrall, et al., 1992). However, based on ele-
vations in TSH, the authors suggest some concern over
the potential impact of chronic consumption of I in
drinking water.

PRACTICAL APPLICATIONS
Human Medicine

The most important application of iodine in human
medicine is in the disinfection of skin, which has been in
use since the mid-19th century (Horn et al., 1972). In addi-
tion to prophylaxis (e.g., preoperative preparation of the
skin, surgical disinfection of hands, disinfection of the per-
ineum), iodine preparations are used for therapeutic pur-
poses (e.g., treatment of infected and burned skin). The
oldest account of the therapeutic use of iodine dates to
1829: Mémoire sur l'emploi de l'iode dans les maladies
scrofuleuses (Lugol, 1829).

The high-level aqueous and alcoholic iodine prepara-
tions used up to the 1960s have been replaced, to a great
extent, by the iodophors because of fewer unwanted side
reactions (see lodophores). Among the investigated
iodophors, povidone—iodine is usually considered the
compound of choice (Knolle, 1975). However, the initial
enthusiasm for this compound was curtailed by observa-
tion of intrinsic bacterial contamination of a 10% povi-
done—iodine preparation (Pharmadine) by Pseudomonas
cepacia, leading to an outbreak of pseudobacteremia in a
hospital (Craven et al., 1981). Another surprising feature
was the increased bactericidal activity of dilute povi-
done-iodine preparations (Berkelmann et al., 1982).
These events initiated a thorough study of the physico-
chemical fundamentals of povidone-iodine (Horn and
Ditter, 1984; Gottardi, 1983) and the articulation of the
importance of galenics in the microbicidal efficacy of
povidone—iodine solutions (Pinter et al., 1983). Attempts
also were made to replace the povidone carrier with other
macromolecules that might be even more harmless than
povidone, which, after all, has been used as a blood sub-
stitute. In this connection, polymers constructed of sugar
molecules (e.g., polydextrose) are of great interest. When
rigid aseptic precautions are required and no painful irri-
tations are to be expected, however, iodine tincture is still
used as the strongest iodine-based disinfectant. A detailed
review of the use of iodine in human medicine is given by
Knolle (1975), and a good historical account and descrip-
tion of aqueous solutions of iodine and tincture is given

by Reddish (1957).



Iodine has also been used for the disinfection of med-
ical equipment, such as catgut, catheters, knife blades,
ampules, plastic items, rubber goods, brushes, multidose
vials, and thermometers (Gershenfeld, 1977). Disinfec-
tion with iodine, however, is not appropriate for every
sort of material. Many metal surfaces, in particular, are
not resistant to oxidation and can be altered. Further-
more, some plastics absorb elemental iodine, causing a
brownish staining that fades very slowly, if at all.

Veterinary Medicine

Disinfection of the cow’s udder with iodine before and
after milking is a widely adopted application, which
started in 1958 when it was found that dipping teats in
0.1%, 1%, and 2.5% tinctures of iodine markedly reduced
the numbers of staphylococci that were recovered from
milking machine liners (Newbould and Barnum, 1958).
Today it is performed in general by using iodophoric
preparations with 0.25% to 1.0% available iodine. This
treatment is well tolerated and reduces the incidence of
intramammary infections caused by Streptococcus and
Staphylococcus pathogens common around dairies (Bod-
die and Nickerson, 1997; Boddie et al., 1997). With regard
to the possible contamination of milk with iodine, how-
ever, contamination would seem to be less likely with a
preparation containing low concentrations of total iodine.
An example is the animal drug lodoZyme, an EBI powder
concentrate that produces on dissolution 500 ppm total
iodine with 150 ppm I, (West Agro, Inc., 1995). The man-
ufacturer claims that it is as effective as conventional 0.5%
iodine teat dip (based on povidone—iodine), but contains
only the tenth part of total iodine compared to the latter.

Disinfection of Water
Drinking Water

The first known field use of iodine in water treatment
was in World War I by Vergnoux (White, 1972), who
reported rapid sterilization of water for troops. Since that
time, several studies (White, 1972) have shown that iodi-
nation is suitable for the disinfection of drinking water,
especially in emergency situations. Of considerable
importance is the work of Chang and Morris (1953),
which led to the development of the tetraglycine hydrope-
riodide tablets (Globaline) that have been successfully
used to disinfect small or individual water supplies in the
U.S. Army. This method of water purification (addition of
lodine tablets or calcium hypochlorite to the water, fol-
lowed by a 25- or 30-minute disinfectant contact period
before drinking) is still used by the U.S. Army. The Trav-
elers Medical and Vaccination Center (1999) claims that
chemical disinfection using iodine (Potable Aqua tablets)
is more reliable for water purification than chlorine or sil-
ver, Because the killing effect of iodine depends on tem-
perature, they recommend the following standing times:
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60, 30, and 15 minutes at 5°C, 15°C, and 30°C, respec-
tively (one iodine tablet for 1 L of water).

The use of iodine for water disinfection involves some
potential health risks because the chemicals carrying out
the disinfection are not removed during these procedures
(Schaub, 1986). On the other hand, it was demonstrated
in two prison water systems that iodine in doses up to 1.0
ppm is sufficient for disinfection, does not produce any
discernible color, taste, or odor, and has no adverse effect
on general health or thyroid function. Thomas et al.
(1978) reported a 15-year pilot project in which they
observed no instances of ill effects caused by use of
iodine for water disinfection. The authors found that iod-
ination is an effective and economic means of water
purification, of particular advantage in rural and under-
developed countries. More recently, the iodine resins
have been successfully used as a basis for purifier units
that, as long as they are not exhausted, work very well,
bringing about a kill of 4 logs. For emergencies and for
travelers, “pocket purifiers” have been developed whose
performance was officially approved through registration
by the U.S. Environmental Protection Agency (Regu-
nathan and Beauman, 1986). A description of iodine-con-
taining ion exchange resins for point-of-use water,
including a new resin type that provides a more consistent
and controllable level of iodine, was given by Osterhoudt
(1997). For the disinfection of the drinking water supplies
aboard spacecraft, iodine was chosen because of its low
risk potential compared with ozone or chlorine. For the
Skylab mission, it was furnished by a 30 g/L stock solu-
tion containing KI and I; in a 2 : 1 molar ratio, whereas
for the space shuttle program, a new device for the con-
trolled release of I, was introduced, the microbial check
valve, consisting of a canister containing iodinated strong
base ion exchange resin packed with polyiodide anions
(I3, Is~, I7) (Atwater et al., 1996).

Swimming Pool Water

Compared with chlorine, iodine has the advantage that
it virtually does not react with ammonia or other nitroge-
nous compounds and therefore produces no compounds
that are likely to contribute to swimmers’ discomfort in
the form of eye irritation or obnoxious odors (Black,
1961). The use of iodine in swimming pool disinfection
has the following advantages (Putnam, 1961): (a) an
approximately one-third savings on chemical cost, (b) no
disagreeable odor or taste, (c) no irritation of the mucous
membranes, (d) good disinfection of swimming pool
water, () no danger in storage or use because the mater-
ial is in crystalline form, (f) the residual is stable and does
not fluctuate quickly, (g) the pH is stable after balance is
reached, and (h) the swimmers’ comfort is enhanced.

On the other hand, iodine is a notoriously poor algicide,
and the control of algae growth requires additional mea-
sures. Probably the most serious flaw in the use of iodine
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is the difficulty in controlling the color of the pool water,
particularly in the presence of a large amount of iodide,
which generates a yellowish-brown color (generated by I3~
ions). The problem of color control plus its inability to
control algae all but eliminate iodine from use by the
swimming pool industry (White, 1972). In the 1990s, no
important contributions to this topic have been made.

Wastewater

Only a few contributions deal with the use of iodine in
the disinfection of water that, in contrast to drinking and
swimming pool water, do not come in direct contact with
humans (e.g., wastewater and industrial water). Because
these waters in general are highly charged with dissolved
nitrogenous substances (proteins and their hydrolysis
products), the use of iodine, which does not react with
nitrogen compounds, should confer great advantages.

For applications that range in technical dimensions,
however, the question of costs also must be considered,
and because iodine is nearly three times as expensive as
chlorine per mole, the advantages and disadvantages of
iodine must be weighed carefully. In a study of disinfec-
tion with a mixture of I~ and NH;Cl that generates ele-
mental iodine, Kinman and Layton (1976) found that this
system offers considerable potential for use in water dis-
infection for potable water, industrial water, and water
that must be discharged to shellfish areas. Investigating
alternatives to wastewater disinfection in pilot plant stud-
ies, Budde et al. (1977) compared the disinfectants chlo-
rine, ozone, and iodine and found that for the same level
of fecal coliform destruction, iodine was the most expen-
sive under all conditions studied. Nevertheless, some
recent innovations have been presented that are maintain-
ing the use of iodine in this field. Besides an electrolytic
approach (Sampson and Sampson, 1995), a method using
solid iodine as a source has been published (Harvey et al.,
1998). In both cases, the resulting diluted iodine solution
is recommended for disinfection of cooling tower water,
sewage, and wastewater.

The suitability of iodine for the food processing indus-
try, particularly as iodinated ice for fish and fish product
preservation, is also claimed (Harvey et al., 1998). This
contribution is the only one for iodine that relates to the
field of preservation, as another issue of this text.

Disinfection of Air

Since Lombardo (1926) first advocated the use of iodine
as an aerial disinfectant, experiments on the disinfection of
air have been carried out, mainly during World War IL
Plesch (1941) recommended the aerial disinfection of air
raid shelters with jodine vapors as a prophylactic measure
against influenza. White et al. (1944) reported iodine to be
effective as an aerial disinfectant at concentrations much
below its saturation vapor pressure, and Raymond (1946)

found a “relatively tolerable” concentration of 0.1 mg/ft*
(3.5 mg/m’®) to be sufficient for a rapid kill of freshly
sprayed salivary organisms. However, the danger that
iodine vapors pose to the respiratory organs must be kept
in mind, as documented by the fact that the maximum
allowed concentration of iodine is 1.0 mg/m? (threshold
limit value; Lewis and Sweet, 1986), which is less than one
third of the concentration recommended by Raymond
(1946). In spite of this drawback, iodine-based procedures
have been proposed recently (mainly in East Asia) that aim
to disinfect air by iodine-containing wall coatings (Suzuki,
1998), ceramics loaded with iodine (Okubo, 1997), and
vaporizing solutions containing iodine, among other con-
stituents (Na and Fan, 1994; Huang and Zhu, 1993).

RESIDUAL EFFECTS OF IODINE
PREPARATIONS

The aforementioned back-diffusion of the nonre-
duced portion of the absorbed iodine, which takes place
much more slowly than uptake, was not recognized until
comparatively recently (Gottardi, 1995). By means of a
photometric method, this iodine flux (dim = mass/area
x time) has been ascertained on the skin after applica-
tion of Lugol’s solution and povidone—iodine prepara-
tions with various concentrations of free iodine. The
most important findings are the following: the intensity
of the iodine flux depends on the amount of iodine
absorbed by the skin, which increases with the concen-
tration of free iodine of the applied solution and the
time of application. Applying Lugol’s solution (155.6
ppm free iodine) for only 1 minute, the flux could be
detected for approximately 24 hours (range: 50 to 0.005
pg I/em?/minute), whereas after application of a povi-
done—iodine preparation (10 ppm free iodine) for 3 to 5
minutes, the flux was detectable for 0.5 to 1 hour
(range: 0.2 to 0.005 mg l/cm?/minute). The latter result
suggests that even the application of iodophor prepara-
tions could give rise to a persistent (residual) microbici-
dal action. This has been proved by comparing the sur-
viving colony-forming units of Micrococcus luteus
(applied to the skin by artificial contamination) on nor-
mal skin with those on skin that was treated for 5 min-
utes with a povidone—iodine preparation (10 ppm free
iodine) immediately before contamination. A logarith-
mic reduction rate of 0.4 was found, a result that con-
firmed the bactericidal action of the iodine diffusing out
of the skin. As long as iodine diffuses out of the skin,
active disinfection from the inner regions of the skin
takes place, and an effective action on the residential
pathogens can be expected, a feature that seems to be
unique in the field of skin disinfection.

In this regard, Hartmann (1985) found by a special
method that the reduction of the total resident flora was
significantly higher using povidone—iodine than with iso-
propanol. This is in contrast to the usual findings, mainly



in testing preparations for surgical hand scrubs, which in
general exhibit a better degerming activity of alcohols
(Rotter, 1996).

RANGE OF ACTION

Iodine is an excellent, prompt, effective microbicide
with a broad range of action that includes almost all of
the important health-related microorganisms, such as
enteric bacteria, enteric viruses, bacterial viruses, and
protozoan cysts (Hoehn, 1976). Mycobacteria and the
spores of bacilli and clostridia can also be killed by
iodine (Wallhdusser, 1978). Furthermore, iodine also
exhibits a fungicidal and trichomonicidal activity
(Knolle, 1975). As is expected, varying amounts of iodine
are necessary to achieve complete disinfection of the dif-
ferent classes of organisms. Within the same class, how-
ever, the published data on the disinfecting effects of
iodine correspond only to a small extent. In particular, the
published killing times for spores (Wallhdusser, 1978)
and viruses (Knolle, 1975) are widely disparate. One rea-
son for this might be the nonuniform sensitivity of
microorganisms to iodine, which applies not only to the
type of organism but to the growth conditions.

Pyle and McFeters (1989) demonstrated that bacterial
isolates (predominantly Pseudomonas species) from
water systems disinfected by iodine showed differences
(which did not always have the same sign, however) of up
to 4 logs decrease in CFUs after contact with jodine (1
mg/L, pH 7, 1 minute) depending on whether they were
grown in brain-heart infusion or in phosphate buffer. A
similar result was attained with Legionella pneumophila,
which also showed a differing susceptibility to iodine
with cultures grown in well water, on rich agar media, or
attached to stainless steel (biofilm). Water cultures of
legionellae associated with stainless steel surfaces were
135 times more resistant to iodination than were unat-
tached legionellae, and were 210,000 times more resis-
tant to iodination than were agar-grown cultures (Cargill
et al., 1992). Both studies indicate that growth conditions
can dramatically affect susceptibility to iodine (and other
disinfectants) and must be considered when evaluating
the efficacy of a disinfecting agent.

As mentioned by Hoehn (1976), comparison of previ-
ously published references concerning the effectiveness of
disinfection processes for different microorganisms are
difficult because of the myriad different environmental
conditions under which experiments are conducted (e.g.,
pH value, temperature, concentration and type of iodine
preparation, time of exposure to the disinfectant, and
amount and type of dissolved organic and inorganic sub-
stances). Another problem is the fact that, in general, most
of these conditions are not described in detail, and an
exact comparison of the germicidal effectiveness of iodine
against different organisms, as well as a comparison with
the other halogens, is therefore practically impossible. In
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spite of these difficulties, some authors have tried to sum-
marize the disinfecting properties of iodine and the other
halogens by reviewing the literature and analyzing the
existing data. The most important conclusions are:

A standard destruction (i.e., a 99.999% kill in 10 minutes
at 25°C) of enteric bacteria, amoebic cysts, and enteric
viruses requires I, residuals of 0.2, 3.5, and 14.6 ppm,
respectively (Chang, 1971).

On a weight basis, iodine can inactivate viruses more
completely over a wide range of water quality than
other halogens (Krusé et al., 1970).

In the presence of organic and inorganic nitrogenous sub-
stances, iodine is the cysticide of choice because it
does not produce side reactions that interfere with its
disinfecting properties (Krusé et al., 1970).

Iodine requires the smallest dosage (in milligrams per
liter) compared with chlorine or bromine to “break any
water” to provide a free residual (Krusé et al., 1970).

I is two to three times as cysticidal and six times as spo-
ricidal as HOI, whereas HOI is at least 40 times as viru-
cidal as I». This behavior is explained on the one hand
by the higher diffusibility of molecular iodine through
the cell walls of cysts and spores, and on the other hand
by the higher oxidizing power of HOI (Chang, 1971).

For some microorganisms, iodine resistance also has been
ascertained (e.g., Pseudomonas alcaligenes and Alcali-
genes faecalis), which can account for the bulk of the
microbial flora in iodinated swimming pools (Favero
and Drake, 1966). Other studies, however, are showing
that iodine does not induce resistance in isolates of
Pseudomonas, Klebsiella, Enterobacteria, E. coli, and
other species (Hingst et al., 1995; Reimer et al., 1998).

Because disinfection is a chemical reaction, the influence
of temperature on reaction speed—as a rule of thumb,
lowering the temperature approximately 10°C halves the
speed—must be considered for microbicidal events in
such a way that either the contact time or the concentra-
tion of the disinfectant is increased if cold water is to be
treated. The lack of efficiency at low temperatures was
demonstrated by Regunathan and Beauman (1986), who
showed that some iodine preparations designed to purify
canteen water worked well against Giardia at 20°C but
not at 3°C if used according to the instructions.

With regard to culture conditions, iodine (1,500x)
exhibits a greater difference in CM't values (concen-
tration in molarity multiplied by time in minutes to
achieve 99% decrease in viability) than chlorine (68x)
against water-cultured and agar-grown legionellae.
Iodine was 50 times more effective than chlorine
against agar-grown cultures, but was only twice as
effective when tested against water-grown legionellae
cultures (Cargill et al., 1992).

A survey of concentration, exposure time, and disin-
fective results in practical applications of iodine is given
in Table 8.2.
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ACRONYMS AND ABBREVIATIONS

CFU colony-forming units

EBI enzyme-based iodine

T4  tetraiodothyronine (thyroxine)
T3 triiodothyronine

TSH thyrotropin

USP United States Pharmacopoeia

REFERENCES

Apostolov K. The effects of iodine on the biological activities of myx-
oviruses. Journal of Hygiene 1980;84:381-388.

Atwater JE, Sauer RL, Schultz JR. Numerical simulation of iodine specia-
tion in relation to water disinfection aboard manned spacecraft: 1. equi-
libria. J Environ Sci Health A 1996;31:1965-1979.

Bell RP, Gelles E. The halogen cations in aqueous solution. Journal of the
Chemical Society 1951;73:2734-2740.

Berkelmann RL, Holland BW, Anderson RL. Increased bactericidal activ-
ity of dilute preparations of povidone~iodine solutions. J Clin Microbiol
1982;15:635-639.

Bhattacharjee B, Varshney A, Bhat SN. Kinetics of transformation of outer
charge-transfer complexes to inner complexes. Journal of the Indian
Chemical Society 1983,60:842-844.

Black AP. Swimming pool disinfection with iodine. Water and Sewage
Works 1961;108:286-289.

Black AP, Lackey JB, Lackey EW. Effectiveness of iodine for the disinfec-
tion of swimming pool water. Am J Public Health 1959;49:1060-1068.

Black AP, et al. lodine for the disinfection of water. Journal of the Ameri-
can Water Works Association 1968;60:69-83.

Boddie RL, Nickerson SC. Evaluation of two iodophor teat germicides:
activity against Staphylococcus aureus and Streptococcus agalactiae.
Journal of Dairy Science 1997;80:1846-1850.

Boddie RL, Nickerson SC, Adkinson RW. Efficacies of teat germicides
containing 0.5% chlorhexidine and 1% iodine during experimental chal-
lenge with Staphylococcus aureus and Streptococcus agalactiae. Journal
of Dairy Science 1997;80:2809-2814.

Boinet AA. fodotherapie, 2nd ed. Paris: Masson, 1865.

Bolek S, Boleva V, Schwotzer H. Halogene und Halogenverbindungen. In:
Horn H, Privora M, Weuffen W, eds. Handbuch der Desinfektion and
Sterilisation, vol 1. Berlin: Verlag Volk und Gesundheit, 1972:132.

Brown RS, Bloomfield S, Bednarek FJ, et al. Routine skin cleansing with
povidone—-iodine is not a common cause of transient neonatal hypothy-
rodism in North America: a prospective controlled study. Thyroid 1997;
7:395-400.

Budde PE, Nehm P, Boyle WC. Alternatives to wastewater disinfection.
Journal Water Pollution Control Federation (USA) 1977;49:2144-2156.

Cargill. KL, Pyle BH, Sauer RL, et al.Effects of culture conditions and
biofilm formation on the iodine susceptibility of Legionella pneu-
mophila. Can J Microbiol 1992;38:423-429,

Carter CH, Hendley JO, Mika LA, et al. Rhinovirus inactivation by aqueous
iodine in vitro and on skin. Proc Soc Exp Biol Med 1980;165:380-383.
Chang SL. Modern concept of disinfection. J Sanit Eng Div Proc ASCE

1971;97:689.

Chang SL, Morris JC. Elemental iodine as a disinfectant for drinking water.
Industrial Engineering and Chemistry 1953;45:1009.

Chanoine JP, Boulvain M, Bourdoux P, et al. Increased recall rate at screen-
ing for congenital hypothyroidism in breast fed infants born to iodine
overloaded mothers. Arch Dis Child 1988;63:1207-1210.

Clough PN, Starke HC. A review of the aqueous chemistry and partitioning of
inorganic iodine under LWR severe accident conditions. European Applied
Research Reports: Nuclear Science and Technology 1985;6:631-776.

Committee on Medical Research. Advances in military medicine, vol 1L
Boston: Little, Brown, 1948:527,

Craven DE, Moody B, Connolly BS, et al. Pseudobacteremia caused by
povidone—iodine solution contaminated with Pseudomonas cepacia. N
Engl J Med 1981;305:621-623.

D’Auria J, Lipson S, Garfield JM. Fatal iodine toxicity following surgical
debridement of a hip wound: case report. J Trauma 1990;30:353-355.
Davies J. Selections in pathology and surgery: part II. London: Longmans,

Orme, Brown, Green & Longmans, 1839.

Duan Y, Dinehart K, Hickey J, et al. Properties of an enzyme-based low
level iodine disinfectant. J Hosp Infect 1999;43:219-229.

Dykes PJ, Marks R. Evaluation of the irritancy potential of povidone~
iodine solutions: comparison of subjective and objective assessment
techniques. Clin Exp Dermatol 1992;17:246-249.

Favero MS, Drake CH. Factors influencing the occurrence of high numbers
of iodine—resistant bacteria in iodinated swimming pools. Applied Micro-
biology 1966;14:627-635.

Gershenfeld L. lodine. In: Block SS, ed. Disinfection, sterilization, and
preservation, 2nd ed. Philadelphia: Lea & Febiger, 1977:196-218.

Gershenfeld L, Witlin B. lodonium compounds and their antibacterial activ-
ity. American Journal of Pharmacology 1948;12:158-169.

Gilman AG, Goodman LS, Gilman A, eds. The pharmacological basis of
therapeutics, 6th ed. New York: Macmillan, 1980.

Globel B, Globel H, Anders C. Resorption von lod aus PVP-lod-Prepara-
tion nach Anwendung beim Menschen. Dtsch Med Wochenschr 1984;
109:1401-1404.

Goebel W. On the disinfecting properties of Lugol’s solutions. Zentralblatt
fir Bakteriologie 1906;42:86, 176.

Goldsmith LA. Biochemistry and physiology of the skin. Oxford: Oxford
University Press, 1983.

Gottardi W. Diiodamine: acyl derivatives. Monatshefte fiir Chemie 1974;
105:611-620.

Gottardi W. The reaction of N-bromo-compounds with iodine: a convenient
synthesis of N-iodo compounds. Monatshefte fiir Chemie 1975106:
1019-1025.

Gottardi W. On the reaction of chlorine, bromine, iodine and some N-chloro
and N-bromo compounds with peptone in aqueous solution. Zentralblart
fiir Bakterologie Hyg I Abt Orig B 1976,162:384-388.

Gottardi W. Aqueous iodine solutions as disinfectants: composition, stabil-
ity, comparison with chlorine and bromine solutions. Zentralblatr fiir
Bakterologie Hyg I Abt Orig B 19782;167:206-215.

Gottardi W. On the usability of N-iodo-compounds as disinfectants. Zen-
tralblatt fiir Bakterologie Hyg [ Abt Orig B 1978b;167:216-223.

Gottardi W. Redox potential and germicidal action of aqueous halogen solu-
tions. Zentralblatt fiir Bakterologie Hyg 1 Abt Orig B 1980;170:422-430.

Gottardi W. The formation of iodate as a reason for the decrease of effi-
ciency of iodine containing disinfectants. Zentralblatt fiir Bakterologie
Hyg 1 Abt Orig B 1981;172:498-507.

Gottardi W. Die potentiometrische Bestimmung von Jod und jod—freiset-
zenden Oxidationsmitteln. Mikrochimica Acta 1982;1:371-386.

Gottardi W. Potentiometric evaluation of the equilibrium concentrations of
free and complex bound iodine in aqueous solutions of polyvinylpyrroli-
done—iodine (povidone—iodine). Fresenius Z Anal Chem 1983;314:
582-585.

Gottardi W. The influence of the chemical behavior of iodine on the germi-
cidal action of disinfectant solutions containing iodine. J Hosp Infect
1985;6[Suppl]:1-11.

Gottardi W. Residual effects on the skin caused by povidone-iodine prepa-
rations. Hyg Med 1989;14:228-233.

Gottardi W. Povidone—iodine: bactericidal agent or pharmaceutical base
material. Reflections on the term active agent in disinfecting systems
containing halogens. Hyg Med 1991;16:346-351.

Gottardi W. The uptake and release of molecular jodine by the skin: chem-
ical and bactericidal evidence of residual effects caused by povidone—
iodine preparations. J Hosp Infect 1995;29:9-18.

Gottardi W. Determination of the equilibrium concentrations of the compo-
nents halogen, halide, hypohalite, and/or hypohalous acids in aqueous
solutions. Patent DE 4440872, 1996. .

Gottardi W. Redox~potentiornetric/titrimetric analysis of aqueous iodine
solutions. Fresenius J Anal Chem 1998,362:263-269.

Gottardi W. Iodine and disinfection: theoretical study on mode of action,
efficiency, stability, and analytical aspects in the aqueous system. Arch
Pharm Pharm Med Chem 1999;332(5):151- 157.

Gottardi W, Koller W. The concentration of free iodine in aqueous povi-
done—iodine containing systems and its variation with temperature.
Monatschefie fiir Chemie 1986;117:1011-1020.

Gottardi W, Koller W. The influence of the consumption on the efficacy of
povidone—iodine preparations. Hyg Med 1987;12:150-154.

Gottardi W, Puritscher M. Degerming experiments with aqueous povi-
done-iodine containing disinfecting solutions: influence of the concen-
tration of free jodine on the bactericidal reaction against Staphylococcus
aureus. Zentralblatt fiir Bakterologie Hyg B 1986;182:372-380.

Halliday A. Observations on the use of the different preparations of iodine



as a remedy for bronchocele, and in the treatment of scrofula. London
Med Repos 1821;16:199.

Hickey J, Panicucci R, Duan Y, et al. Control of the amount of free molecu-
lar iodine in iodine germicides. J Pharm Pharmacol 1997;49:1195-1199.

Hartmann AA. A comparison of povidone—iodine and 60% n-propanol on
the resident flora using a new test method. J Hosp Infect 1985;6[Suppl
A):73-78.

Harvey WA, Mullins TF, MacDonald DJ. Method of disinfecting water and

food stuff breservation with iodine_sneciacs Patent WO QR48404, 10Q8
Verlag, 1984.

Hom H, Privora M, Weuffen W. Handbuch der Desinfektions und Sterilisa-
tion, vol 1. Weuffen W, ed. Berlin: VEB Verlag Volk und Gesundheit, 1972.

Horn H, Privora M, Weuffen W. Handbuch der Desinfektion und Sterilisa-
tion, vol IlI. Weuffen W, ed. Berlin: VEB Verlag Volk und Gesundheit,
1974.

Huang D, Zhu X. Indoor air disinfectants and their manufacture. Patent CN
1069414. 1993.

Hunt JL, Sato R, Heck EL, et al. A critical evaluation of povidone—iodine
absorption in thermally injured patients. J Trauma 1980;20:127-129.
Jander J, Knuth K, Renz W. Studies on nitrogen iodine compounds: VI
preparation and infrared studies on N-iodomethylamines. Z Anorg Allg

Chem 1972;392:143-158.

Kawakami M, Sakamoto M, Kumazawa T. Mouthwashes containing iodine-
maltosylcyclodextrin inclusion compound as a microbicide with high
water-solubility. Japan Patent 297473. CA, 109(16), 134972w. 1986

Kinman RN, Layton RF. New method for water disinfection. Journal of the
American Water Works Association 1976;68:298-302.

Knolle P. Alt und aktuell-Keime und Jod. Hospital-Hygiene 1975;67:
389-402.

Koch R. Uber Desinfektion. In: Mitteilung
Gesundheitsamte. Berlin: Struck, 1881:234.

Kril MB, Fitzpatrick TW, Janauer GE. Toward a protocol for testing solid
microbial compositions. In: 3rd conference on progress in chemical dis-
infection. Binghamton, NY: 1986.

Krusé WC, Asce M, Hsu Y, et al. Halogen action on bacteria, viruses and
protozoan. In: Proceedings of the national spec conf disinfection, ASCE.
Amherst, MA: 1970:113-137.

Kubota K, Golden BE, Penugonda B. Root canal filling materials for pri-
mary teeth: a review of the literature. ASDC J Dent Child 1992;59:
225-227.

Kuhn JM, et al. Thyroid function of burned patients: effect of iodine ther-
apy. Rev Med Interne 1987;8:21-26.

Kuschinsky G, Lillmann H. Kurzes Lehrbuch der Pharmakologie und
Toxikologie, 10th ed. Stuttgart: Georg Thieme, 1984.

Lewis RJ, Sweet DV, eds. Regulations, recc dations and as. s
extracted from the registry of toxic effects of chemical substances.
Cincinnati, OH: US. Department of Health and Human Services,
National Institute for Safety and Health, 1986.

Linder N, Davidovich N, Reichman B, et al. Topical iodine-containing anti-
septics and subclinical hypothyroidism in preterm infants. J Pediatr
1997;131:434-439.

Lombardo F. Vapon di soluzione jodoiodurata come profilassi e terapia
della influenza. Riforma Med 1926;42:1011-1012,

Lugol JGA. Memoire sur |'empoi de l'iode dans les maladies scrofuleuses.
Paris: 1829. (Cited in Horn H, Privora M, Weuffen W. Handbuch der
Desinfekiions und Sterilisation, vol 1. Weuffen W, ed. Berlin: VEB Ver-
lag Volk und Gesundheit, 1972.)

Na F, Fan S. Method and apparatus for air disinfection and deodorization.
Patent CN 1091319. 1994.

Newbould FHS, Barnum DA. Effect of dipping cow’s teats in a germicide
after milking on the number of micrococci on the teat-cup liners. J Milk
Food Technol 1958;21:348.

O’Connor AF, Freeland AP, Heal DJ, et al. Jodoform toxicity following the
use of B.I.LPP. J Laryngol Otol 1977;91(10):903-907.

Okubo T. Device for deodorization of air in closed space using ceramics
toaded with disinfectant. Patent JP 09070427. 1997.

Osterhoudt LE. lodinated resin and its use in water disinfection. Special

aus dem Kaiserlichen

8. TIoDINE AND IODINE CoMPOUNDS / 183

Publication of the Royal Society of Chemistry (Progress in lon
Exchange) 1997;196:227-234.

Pinter E, Rackur H, Schubert R. Die Bedeutung der Galenik fiir die mikro-
bizide Wirksamkeit von Polyvidon-lod-Lésungen. Pharmazeutische
Industrie 1983;46:3-8.

Plesch J. Methods of air disinfection. BMJ 1941;1:798.

Pollack W, Iny O. A physicochemical study of PVP-I solutions leading to

the reformulation of “Betadine” preparation (5% PVP-I). J Hosp Infect
R Y. UY 7Y NEV T K- T 7 S U s e s Gy S EFBEENT L 7TV

359-361.

Reddish GF, ed. Antiseprics, disinfectants, fungicides, and chemical and
physical sterilization, 2nd ed. Philadelphia: Lea & Febiger, 1957:
223-225.

Regunathan P, Beauman WH. A comparison of point-of-use disinfection
methods. In: 3rd conference on progress in chemical disinfection. Bing-
hamton, NY: 1986.

Reimer K, Schreier H, Erdos G, et al. Molecular effects of a microbicidal sub-
stance on relevant microorganisms: electronmicroscopic and biochemical
study on povidone—iodine. Zent bl Hyg Umweltmed 1998;200:423-434.

Robison LM, Sylvester PW, Birkenfeld P, et al. Comparison of the effect of
iodine and iodide on thyroid function in humans. J Toxicol Environ
Health 1998;55:93-106.

Rotter M. Procedures for hand hygiene in German-speaking countries. Zen-
tralbl Hyg Umweltmed 1996;199:334-349.

Sampson RL, Sampson AH, inventors; Electrolytic process and apparatus
for the controlled oxidation of inorganic and organic species in aqueous
solutions. U.S. Patent 5 419 816. 1995.

Schaub AS. Preventive medicine considerations for army individual soldier
water purification. In: 3rd conference on progress in chemical disinfec-
tion. Binghamton, NY: 1986.

Schenck HU, Simak P, Haedicke E. Structure of polyvinylpyrrolidinone-
iodine (povidone~iodine). J Pharm Sci 1979;68:1505-1509.

Schmulbach CD, Drago RS. Molecular addition compounds of iodine: I11.
Journal of the American Chemical Society 1960;82:4484-4487.

Suzuki K. Antimicrobial wall coatings containing iodinated anion exchange
resins. Patent JP 10317529. 1998.

Sykes G. Disinfection and sterilization, 2nd ed. London: Chapman and
Hall, 1972.

Thomas WC Jr, Malagodi MH, Oates TW, et al. Effects of an iodinated
water supply. Trans Am Clin Climatol Assoc 1978;90:153-162.

Thrall KD, Sauer RL, Bull RJ. Evidence of thyroxine formation following
iodine administration in Sprague-Dawley rats. J Toxicol Environ Health
1992;37:535-548.

Travelers Medical and Vaccination Center. Drinking and eating safely.
1999. Internet: http://www.tmvc.com.au/info3.html.

United States Public Health Service. 1940. The Ship's Medicine Chest and
First Aid at Sea. U.S. Public Health Service Misc. Publ. No. 9, p. 27,
Washington.

United States Public Health Service. 1964. Safe drinking water in emer-
gencies. U.S. Public Health Service, Publ. No. 387, Health Information
Series No. 74, Washington.

Vallin E. Traité des désinfectants et de la désinfection. Paris: Masson, 1882.

Vilain E, Bompard Y, Laplanche S, et al. Application breve d’antiseptique
iode en soins intentensifs neonatals: consequences sur la fonction thyroi-
dienne. Arch Pediatr 1994;1:795-800.

Wallhdusser KH. Sterilisation, Desinfektion, Konservierung. Stuttgart:
Georg Thieme, 1978.

West Agro, Inc. lodozyme. Leaflet 5/44-1042/2. Kansas City:West Agro,
Inc., 1995.

White GC. Handbook of chlori
1972.

White LJ, Baker AH, Twort CC. Aerial disinfection. Nature 1944;153:141-142.

Wirth W, Hecht G, Gloxhuber C. Toxikologie-Fibel. Stuttgart: Georg
Thieme, 1967.

Yamada H, Kozima K. The molecular complexes between iodine and vari-
ous oxygen-containing organic compounds. Journal of the American
Chemical Society 1960,82:1543.

New York: Van Nostrand Reinhold,



